om 


Earthquakes in the Cascadia 
Region: Where, when, and how? 


Brian Sherrod 
U.S. Geological Survey at the Dept. of Earth and Space 
ee Sciences, University of Washington 
Seattle, Washington 


U.S. Department of the Interior 
U.S. Geological Survey 


North _Qqp>rel. motion mmiyr 
QO mnie motion w/ os ag 
‘ : 2 NAM, mmvyr 
N-S contraction inferred ta ae 
. Yin, ~O, . & 
after removing effects of Fesstygy Cumbia “Tr 
: : EAN S, ‘ 
oblique E-W contraction en. 


volcano 


from the subduction zone 48° 


Area of 
Figure 2 


D-DMFZ is the inferred 
edge of “backstop”. 


Quaternary 
volcanics 


> USGS 130° 126° 120° 118° 


Three Fault Types 


1. Normal fault 


Subducting oceanic pi 
ox 
e 


Earthquake Sources 


= Deep earthquakes (Intraslab) 
e Shallow earthquakes (in Nam) 
\\ Subduction zone earthquakes 


2. Reverse fault 


A Cascad Ican 
—— 3. Transform fault (or thrust fault) 


Fault scarp: a steep slope or cliff formed directly by movement along 
a fault and representing the exposed surface of the fault 


ow Gi, 
a = a 
Laas ee 


i 


Strike Slip 
Reverse 
Normal 


—+ Strike Slip 
—+ Reverse 
—.4 Normal 


Moment Magnitude (M) 


M = 6.69 + 0.74*log(MD) 


P 
1072 107! 1 10 107? 107! 1 10 


Maximum Displacement (m) Maximum Displacement (m) 


Strike Slip 
Reverse 
Normal 


Strike Slip 
Reverse 
Narmal 


Moment Magnitude (M) 


’ 10 10D 195 3 10 100 104 


Surface Rupture Length (km) Surface Rupture Length (km) 


aUSGS 


@ 
Subducting oceanic bi 
ox 
e 


ate 
Continental 


Earthquake Sources 
= Deep earthquakes (Intraslab) 
e Shallow earthquakes (in Nam) 
\\ Subduction zone earthquakes 


A Cascade volcano 


Lesson from 1964 Alaska 
Earthquake: 


Areas of the coastline 
subside during great 
subduction zone 
earthquakes (M,, > 8.0). 


Spruce trees killed 
when saltwater 
flooded forest after 
subsidence lowered 
them into the 
intertidal zone 


At! i TON AR 
Geologic evidence points to an average 
{recurrence interval of 500 years for great 
subduction zone earthquakes (M<8), but 
recurrence could be as long as 1000 years or as 
short as 250 years. 


», | Last big event was January 26, 1700 - we 

@eaare now inthe 250-1000 year recurrence 
"window. 

| 3 f Dm Effects of these earthquakes on major accel 

,) J) metropolitan a of PNW are not well known, == 

: Naat , Fi a ar t y 7 — = 

MK A m  \trees killed by submergence after 

Oh ahs UJ) subsidence during a subduction zone 

9 Jearthquake about 300 years ago. 


as ed 
ie ba 


@ 
Subducting oceanic bi 
ox 
e 


ate 
Continental 


Earthquake Sources 
= Deep earthquakes (Intraslab) 
e Shallow earthquakes (in Nam) 
\\ Subduction zone earthquakes 


A Cascade volcano 


PNSN Rapid Instrumental Intensity Map Epicenter: 17.6 km NE of Clympia, WA 
Wed Feb 28, 2001 10:54:00 AMPST M6.8 N47.15W122.72 1D:0102281854 


Nisqually Earthquake 


> Mw= 6.8 
- Depth = 52.4 km (32.5 miles) 
- Intraslab normal fault event 


ba Lv 


123°30° 123°00" 122°30° 
48°00" 
d <} Cultus Bay 
1040 + 35 
Lena Lake 
W <1300 + 50 
Hamma Hamma River 
>2900 + 
Bi Jefferson 
Lake 
Lake <1150 + 50 
47°30° Cushman 
D Lynch Cove 
<400 + 50 3 31170 +90 1121 £15 
Saddle Mountain <1420 + 70 
Ea f t $e 
@ 
Sp 
<1180 + 60 


Wi Lower Dry 
Bed Lake 
$1180 + 50 


Epicenter of 
1949 Earthquake 


“Olympia Kilometers 


00" 


7 (from Bucknam et al., Science, vol. 258, 1992) 


ZUSGS 


a ae es Be: Sen 
7 ee Vanéotverisand 


British Columbial arta 
50° 
48° - 
| 
North | Olympic 
America | Mountains 
plate 
| Pacific Oregon 
Ocean 
: ; | Pacific Ocean 
Pacific California 
40° plate — 
Ly 100 km 
— _ 50 km 
™—_. Structural basin | | Quaternary deposits 
“== Thrust fault (teeth on upthrown block), black where . 
Holocene movement is known or suspected [| Sedimentary rocks (Paleogene to Neogene) 
“== Fault, black where Holocene movement is known or Cascade igneous rocks (Oligocene and younger) 


suspected 


> Fault (bar and ball on downthrown side), black where | | Crescent Formation and other Eocene volcanic rocks 


Holocene movement is known or suspected 


““*=== Concealed fault, black where Holocene 
movement is known or suspected 


-. | Basement rocks (pre-Tertiary) 


A Quaternary volcano 


South Tacoma fault Seattle fault 


0- zone Seattle Uplift ss 


Depth (miles) 


Distance (km) 


Diagram courtesy of Tom Brocher, U.S.G.S. 


ZUSGS 


slant range 


two-way 


130° 124° 120° Bee 
17 Vancouver 1s! 


British Columbia 


eer 


North 
America 
plate 


Oregon 


Pacific 
Ocean 
Pacific California 
plate 


100 km 


“CL. Structural basin 


—— Thrust fault (teeth on upthrown block), black where 
Holocene movement is known or suspected 


— Fault, black where Holocene movement is known or 


suspected 


J Fault (bar and ball on downthrown side), black where 


Holocene movement is known or suspected 


“--- Concealed fault, black where Holocene 
movement is known or suspected 


ie ea hae 

Rte eee a 
. . 

re te eae 

Fiat ey PA ry, Sel wk eae 

et ed 


Olympic 
Mountains 


Pacific Ocean 


50 km 


ss.) Areal of Figure:3 


er 
RY Pearse 


| | Quaternary deposits 


al Sedimentary rocks (Paleogene to Neogene) 
Cascade igneous rocks (Oligocene and younger) 


| | Crescent Formation and other Eocene volcanic rocks 


Basement rocks (pre-Tertiary) 


A Quaternary volcano 


south  WestwallofCraneLake trench jon 


er 


MB Latest Holocene soil and colluvium 


~ Loose late Holocene colluvium 3 1.9, 1.8, 2.0 ka 
2.9 ka 17ka 


~_ Late Holocene colluvium 2 


MB Organic-rich sediment on 
BB soil horizon 


— 
——— 
—— 


A ae 


sj9}ewW 


Fluvial sand 
Stratified drift 9 4 0 


meters 


Clay-rich diamiction ~USGS 


) Weathered bedrock 
'~ Miocene bedrock 


Waterman Point 
Fault yes 


‘Puget Sound Lidar Consortium ‘ 


i 


North 
America 
plate 


Oregon 


Pacific 
Ocean 
Pacific Ocean 


Pacific California 


plate 


100 km 
50 km 


“CL. Structural basin 


—— Thrust fault (teeth on upthrown block), black where 
Holocene movement is known or suspected 
— Fault, black where Holocene movement is known or 
suspected 
J Fault (bar and ball on downthrown side), black where 
Holocene movement is known or suspected 


“--- Concealed fault, black where Holocene 
movement is known or suspected 


130° 124° 120° 5 Rieeaeereenens 
Sit Gomes “1 VanéouverdSland:: ; 
ritish Columbia ae 


Olympic 
Mountains 


| | Quaternary deposits 


al Sedimentary rocks (Paleogene to Neogene) 
Cascade igneous rocks (Oligocene and younger) 
| | Crescent Formation and other Eocene volcanic rocks 


Basement rocks (pre-Tertiary) 
r aUSGS 
OF 


A Quaternary volcano 


~ 
~ * 


taleen 
4 a. ns oe 2 » 
me TS 


1, 

a 

‘| 

“” 
onsortium 


é 
é 
\ 
ft 
4 7 f 
# 
4-0) 
a) i 


Puget Sound Li 


== 


- 


} 


xX fem 


To ©) 

: m 5 
“ ~~ 

aa. 4 

re ye 

—: 1. os 


fr} 


a 


124° 120° 


he 
s 


North 
America 
plate 


Oregon 


Pacific 
Ocean 


California 


Pacific 
plate — 
100 km 


“CL. Structural basin 


—— Thrust fault (teeth on upthrown block), black 
Holocene movement is known or suspected 


— Fault, black where Holocene movement is known or 


suspected 


J Fault (bar and ball on downthrown side), black where 


Holocene movement is known or suspected 


“--- Concealed fault, black where Holocene 
movement is known or suspected 


- Ay Uterine MG Cris ha 5 
s Rios a ec ten ay Posts 5 
1 . eels Dora 


British Columbia. Ss 


Vancouver Stand 


Olympic | . VA 
Mountains” Oi wee 
\ ; i : Area, of Figure’3 


Net 


ae 

iff ha Ceee 
Pacific Ocean cae a 

ioe 

les oe & 

50 km OG 

| | Quaternary deposits 
where 


al Sedimentary rocks (Paleogene to Neogene) 
Cascade igneous rocks (Oligocene and younger) 
| | Crescent Formation and other Eocene volcanic rocks 


Basement rocks (pre-Tertiary) 


A Quaternary volcano 


Meters 


500 1,000 2,000 


Tr ag =a r 
i ¢z a ? 


— j 7 . 
a’ 
4 , b 


o> an 
if 
’ 
/ - 
* - 
) 
ll 
_ 
‘ 


L. 
> fl -? 
{ . ° 
° > 4 , et . 
Re! -~s* 
“ 7 
r 4 (eee 
- rid . 
e o 
ee 
4 , oft 
ot 
< 
& 
‘ry : 
iz | rd 


Hood Canal area 
Sunset Beach scarps 


oloot 


Photomosaic o 
fault zonein ~*~ 
Snake trench 


SERS evctinese i \ 


Se / 
Pipe (+ 


“Y//7 (Lc Uplifted 
Z j i , 


tideflat 


— Fault 


Sand and gravel layers Holocene B/E horizon 


“**. Inferred fault 


“~~ Clast imbrication 


_ Glacial tl , Ts 
ae Folded pebble 


fabric 


L Bottom of excavation 


ZUSGS 


~~ 


NS 


Ps 1 LER ; 4 ‘ 
SS SOD TAO eae 8 an 
Sanat oN oe. SSS en eee ee ae: ae Ps , 


er 

vee 
SBR US <r . 
ARBRE eles, 

SS eee 
, 


Oe Lote N eS 


wee 


WW 
wis 


y 


is 


~ 
‘ 


maa, 
7s 5 


* 


es 
MY 


BN \\ 


4 Vi\e 
>A 


130° 124° 120° Bee 
17 Vancouver 1s! 


British Columbia 


eer 


North 
America 
plate 


Oregon 


Pacific 
Ocean 
Pacific California 
plate 


100 km 


“CL. Structural basin 


—— Thrust fault (teeth on upthrown block), black where 
Holocene movement is known or suspected 


— Fault, black where Holocene movement is known or 


suspected 


J Fault (bar and ball on downthrown side), black where 


Holocene movement is known or suspected 


“--- Concealed fault, black where Holocene 
movement is known or suspected 


ie ea hae 

Rte eee a 
. . 

re te eae 

Fiat ey PA ry, Sel wk eae 

et ed 


Olympic 
Mountains 


Pacific Ocean 


50 km 


ss.) Areal of Figure:3 


or 
RY Pearse 


| | Quaternary deposits 


al Sedimentary rocks (Paleogene to Neogene) 


Cascade igneous rocks (Oligocene and younger) 


| | Crescent Formation and other Eocene volcanic rocks 


Basement rocks (pre-Tertiary) 


A Quaternary volcano 


Meters 


250 500 1,000 


= 


130° 124° 120° Bee 
17 Vancouver 1s! 


British Columbia 


eer 


North 
America 
plate 


Oregon 


Pacific 
Ocean 
Pacific California 
plate 


100 km 


“CL. Structural basin 


—— Thrust fault (teeth on upthrown block), black where 
Holocene movement is known or suspected 


— Fault, black where Holocene movement is known or 


suspected 


J Fault (bar and ball on downthrown side), black where 


Holocene movement is known or suspected 


“--- Concealed fault, black where Holocene 
movement is known or suspected 


ie ea hae 

Rte eee a 
. . 

re te eae 

Fiat ey PA ry, Sel wk eae 

et ed 


Olympic | 
Mountains 


Pacific Ocean 


50 km 


ss.) Areal of Figure:3 


or 
RY Pearse 


| | Quaternary deposits 


al Sedimentary rocks (Paleogene to Neogene) 


Cascade igneous rocks (Oligocene and younger) 


| | Crescent Formation and other Eocene volcanic rocks 


Basement rocks (pre-Tertiary) 


A Quaternary volcano 


130° 124° 120” 


British Columbia 


North 
America 
plate 


Oregon 


Pacific 
Ocean 


Pacific California 


plate 


100 km 
50 km 


“CL. Structural basin 


—— Thrust fault (teeth on upthrown block), black where 
Holocene movement is known or suspected 


— Fault, black where Holocene movement is known or 
suspected 

J Fault (bar and ball on downthrown side), black where 
Holocene movement is known or suspected 


“--- Concealed fault, black where Holocene 
movement is known or suspected 


Olympic 
Mountains 


Pacific Ocean 


ss.) Areal of Figure:3 


or 
Ly ea 


U 


| | Quaternary deposits 


al Sedimentary rocks (Paleogene to Neogene) 


Cascade igneous rocks (Oligocene and younger) 


| | Crescent Formation and other Eocene volcanic rocks 


Basement rocks (pre-Tertiary) 
r aUSGS 
OF 


A Quaternary volcano 


Possibly two events: ~1200-1000 yr BP and ~100-500 yr BP 


130° 124° 120° Bee 
17 Vancouver 1s! 


British Columbia 


eer 


North 
America 
plate 


Oregon 


Pacific 
Ocean 
Pacific California 
plate 


100 km 


“CL. Structural basin 


—— Thrust fault (teeth on upthrown block), black where 
Holocene movement is known or suspected 


— Fault, black where Holocene movement is known or 


suspected 


J Fault (bar and ball on downthrown side), black where 


Holocene movement is known or suspected 


“--- Concealed fault, black where Holocene 
movement is known or suspected 


ie ea hae 

Rte eee a 
. . 

re te eae 

Fiat ey PA ry, Sel wk eae 

et ed 


Olympic 
Mountains 


Pacific Ocean 


50 km 


Se Area, of Figure3 


or 
RY Pearse 


| | Quaternary deposits 


al Sedimentary rocks (Paleogene to Neogene) 


Cascade igneous rocks (Oligocene and younger) 


| | Crescent Formation and other Eocene volcanic rocks 


Basement rocks (pre-Tertiary) 


A Quaternary volcano 


Terrain Magnetic Intensity 


123° 122° _ 123° 122 


Beliiingixanys 


7 


mee ENG 
NE 
ntsc = A. aN. 
2200 Wene til MAUS Wh 
a ; ts 
Bisco Pst! 
§ 1400 ES 
@ 1000 Bo) 
r] ; 1 
B 600 ENS 
B 200 Teel NTO 2 
. Seattle: ay 
i ; Nae Wie 
Z : 
« EMmienon 
= a 


t 


I Tacom a + 
= 
= ru 


A. SASL A AY 1 RN ake : 
oe RENEE 5c (G 
= SRS 
3 SERN Sn A 


| eek 
ete 


0 20 40 6OKM Holocene deformation 
%* Trench excavation 
a Other evidence 


Onshore Extension, Southern Whidbey Island Fault 


-122°20’ BS ee ap -122°00’ 
| LU 
Whidbey 
Island 


a Snohomish 


ra 


2000__0 2000 4000 6000 
Meters 


Aeromagnetic Anomalies and the Southern Whidbey Island Fault 


| EXPLANATION 


"Official" southern Whidbey 
Island fault 


~. Holocene deformation 
(Kelsey et al., 2004) 


r Faulted Quatemary strata 
(Johnson et al., 2004) 


Fan E Mer ott ¥ " % Faults and Holocene 


S Bn yy deformation, this study 
me a | AN 


KE 


13 — 16 Ka 

Mid- to late-Holocene (?) 

Late Holocene 

seed 930 AD er shaking) 


0 


Meters 


Crystal Lake and Brightwater trenches - 1 to possibly 4 events in last 16,000 years 


“ 


oy 
ah 
SPER) 


ERO 


Zz 


44 Devils Mountain fault 
4 > 7 4 S. Whidbey Is. Fault 
4 f Coastal sites 

f Vasa Park 


Waterman Point 


14 iY Toe Jam 


f IslandWood 


These events not necessarily correlated 
but all occurred just after Vashon ice 
left Puget Sound 
A 
—~e 
Vv 


Seattle fault zone 


f Tacoma fault zone 
f Olympia fault 


S f f f S.E. Olympics 
Deposits of |16 14 12 10 8 6 4 2 @) 


End of last glaciation in Puget lowland —— 
>. 


latests or Thousands of years before A.D. 2000 | 
earlier a _ be 
ee Note: Lightening bolts indicate approximate age of an event, with no error Co nfirmed earthquake 
glaciations ranges shown. Events that appear to line up across a single time period do not 


necessarily imply that the events happened at the same time, but rather the 
events could have occurred as a single large event that ruptured several faults f Possible earthquake 
at the same time or as a series of events on multiple faults separated by years 


wes USGS to decades (the radiocarbon dates typically do not allow correlation below 
a 


several decades). 


Lidar is critical for locating and mapping Holocene scarps 


Late Holocene scarps extend for only a few km along 
most fault zones 


a. En nce 
i So hi far. : 1-2 : 4 slo or: ne. arth vin mA aAKE Ss r rec @ ra edhon | Ge ach of 
7 14 faults (8 a Reorinc sites) in | 8 fault zones 


renee Hor large upper-pate earthquakes, 


int fie Puget Sound een about 40960 Mm ‘i 


az Unipe drenching studies shoiitd ‘be designed to measure ee: 
ger poke i as wall as ep-st'p. displacement : 


ai ae 2d ING, ee ame nae hile, A ” Saale | bg. vyl ; NA * 


OF, 


